Genetic recombination can lead to the formation of intermediates in which DNA molecules are linked by Holliday junctions. Movement of a junction along DNA, by a process known as branch migration, leads to heteroduplex formation, whereas resolution of a junction completes the recombination process. Holliday junctions can be resolved in either of two ways, yielding products in which there has, or has not, been an exchange of flanking markers. The ratio of these products is thought to be determined by the frequency with which the two isomeric forms (conformers) of the Holliday junction are cleaved. Recent studies with enzymes that process Holliday junctions in Escherichia coli, the RuvABC proteins, however, indicate that protein binding causes the junction to adopt an open square-planar configuration. Within such a structure, DNA isomerization can have little role in determining the orientation of resolution. To determine the role that junction-specific protein assembly has in determining resolution bias, a defined in vitro system was developed in which we were able to direct the assembly of the RuvABC resolvasome. We found that the bias toward resolution in one orientation or the other was determined simply by the way in which the Ruv proteins were positioned on the junction. Additionally, we provide evidence that supports current models on RuvABC action in which Holliday junction resolution occurs as the resolvasome promotes branch migration.
Homologous recombination is an essential cellular process that is required for the provision of genetic diversity, the maintenance of genomic stability after DNAdamage, and the restart of blocked or incomplete replication forks. Recombination can occur by a number of different mechanisms, all of which lead to the formation of heteroduplex DNA. Strand invasion mechanisms of recombination involve an intermediate structure, the Holliday junction, in which two DNA molecules are linked by a reciprocal exchange of strands (Holliday 1964; Dressler and Potter 1982) . Movement of the Holliday junction, by a process known as branch migration, extends the length of heteroduplex DNA; resolution of the junction completes the recombination process and allows the separation of recombinant products.
Genetic studies of the products of homologous recombination indicate that Holliday junction resolution occurs in either of two orientations, resulting in noncrossover products ('patch' recombinants) or crossover products ('splice' recombinants) in which flanking markers have been exchanged (Szostak et al. 1983) . Because Holliday junctions can isomerize between two equivalent forms (differing only in the pair of strands that exchange at the crossover point; see Fig. 1 ), the classical view has been that the two types of recombinants are produced by cleavage of the two isomers (Holliday 1964; Meselson and Radding 1975; Szostak et al. 1983) . As these species correspond to the two alternative choices of stacking partners, they are more properly termed 'alternative conformers' (Altona 1996) . In vitro studies with synthetic four-way junctions have defined the physical properties of Holliday junctions (for review, see Lilley and Clegg 1993) and have shown that the isomeric form of a junction can be biased by localized sequence effects at the crossover point (Murchie et al. 1991; Chen and Chazin 1994; Miick et al. 1997) . Such a 'crossover preference' could influence the outcome of a recombination event at any particular locus by biasing the ratio of crossover to noncrossover product formation. There is evidence that, in some circumstances at least, Holliday junctions may be resolved preferentially in one orientation. For example, whereas the frequent outcome of meiotic recombination is the formation of crossovers, mitotic recombination events often favor noncrossover product formation (McGill et al. 1989) .
Our understanding of the mechanism of Holliday junction resolution has been advanced by the isolation and characterization of junction-specific endonucleases from bacteriophage (T4 endonuclease VII, T7 endonuclease I), Escherichia coli (RuvC, RusA), yeast (Cce1), and humans (for reviews, see Kemper 1998) . These enzymes bind specifically to Holliday junctions and promote their cleavage by introducing two symmetrically related nicks at, or close to, the site of the crossover. Resolution occurs in either of the two possible orientations resulting in the formation of nicked duplex products that can be repaired by DNA ligase.
Using purified enzymes from E. coli, it is now possible to reconstitute the late stages of the recombination process. RecA protein promotes homologous pairing and strand exchange reactions leading to the formation of Holliday junctions, which are subsequently acted on by the RuvABC proteins (Eggleston et al. 1997) . The RuvA and RuvB proteins have a dual role, first by promoting branch migration of the junction Iwasaki et al. 1992; Parsons et al. 1992; Tsaneva et al. 1992b) , and second, by facilitating RuvC-mediated Holliday junction resolution (Mandal et al. 1993; van Gool et al. 1998; Zerbib et al. 1998) .
Tetrameric RuvA protein binds specifically to Holliday junctions (Iwasaki et al. 1992; Parsons et al. 1992; Tsaneva et al. 1992a ) and causes them to adopt a fourfold symmetric open structure in which the four arms are extended toward the corners of a square (Parsons et al. 1995; Rafferty et al. 1996; Hargreaves et al. 1998; Roe et al. 1998) . RuvA also targets RuvB to the junction (Parsons and West 1993) . RuvB is a hexameric ring helicase that acts as the motor of branch migration (Tsaneva et al. 1993; Stasiak et al. 1994) . Electron microscopic visualization of the RuvAB-Holliday junction complex revealed that the junction lies sandwiched between two RuvA tetramers and that branch migration is driven by two oppositely oriented RuvB rings that bind to opposing arms (Parsons et al. 1995; Yu et al. 1997) . During branch migration, the DNA passes through RuvA and exits the complex through the cavity in each RuvB ring (Hiom et al. 1996) .
The RuvC protein promotes Holliday junction resolution in E. coli (Connolly et al. 1991; Dunderdale et al. 1991; Iwasaki et al. 1991) . In vitro, dimeric RuvC binds specifically to Holliday junctions and catalyzes their resolution (Bennett et al. 1993; Takahagi et al. 1994) . Incision occurs at the 3Ј-side of thymidine, preferentially at the consensus 5Ј-A / T TT ↓C / G -3Ј where ↓ indicates the site of cleavage (Shah et al. 1994; Shida et al. 1996; Shah et al. 1997; Hagan et al. 1998) . In accord with genetic data indicating that RuvA, RuvB, and RuvC function in concert Mandal et al. 1993) , RuvCmediated Holliday junction resolution is stimulated in vitro by the presence of RuvAB (van Gool et al. 1998; Zerbib et al. 1998) . RuvC may therefore be regarded as the resolution subunit of a RuvABC-Holliday junction complex that is capable of both branch migration and Holliday junction resolution (Rafferty et al. 1996; Whitby et al. 1996; Davies and West 1998; van Gool et al. 1998; Zerbib et al. 1998) . In this report, we provide evidence for coupled branch migration and resolution, and show that the assembly of the RuvABC resolvasome on the open square Holliday junction directs the orientation of Holliday junction resolution.
Results

Formation of RuvAB-and RuvABC-Holliday junction complexes in vitro
The RuvA, RuvB, and RuvC proteins are thought to form two types of Holliday junction processing complexes (1) RuvAB form a tripartite complex that is capable of efficient branch migration ( Fig. 2A) , and (2) RuvABC have been proposed to form a 'resolvasome' that promotes both branch migration and Holliday junction resolution (Fig. 2B) .
In an attempt to visualize these complexes by electron microscopy (EM) we used -form DNA containing Holliday junctions. As described previously (Parsons et al. 1995) , incubation of RuvA (60 nM) and RuvB (25-300 nM) with -form DNA (1 nM) resulted in the formation of complexes in which RuvA was flanked by one, two, three, or four RuvB rings (Fig. 2C) . The transition from one-, to two-, to three-, to four-ringed structures was dependent on the concentration of RuvB protein (Table 1). At the highest RuvB concentrations (200-300 nM), four-ringed complexes were the dominant species. Tworinged complexes (shown schematically in Fig. 2A ), which are thought to be the functional form of the RuvAB branch migration motor (Hiom and West 1995) , were the predominant species at intermediate protein concentrations (50 nM RuvB; Table 1 ).
To determine whether RuvC affected the formation of multi-ring RuvAB complexes, possibly by favoring the formation of a twofold symmetric complex containing RuvA, RuvB, and RuvC (as shown in Fig. 2B ), EM studies were carried out in the presence of all three enzymes. We found that addition of 120 nM RuvC protein, to reactions containing 60 nM RuvA and 200 nM RuvB, increased the number of two-ring complexes from 2% to 32% (Fig. 2D , arrows; and Table 1 ). Unfortunately, our EM studies did not reveal any obvious differences between RuvAB complexes (624 kD) and the presumptive RuvABC complexes (572 kD). When the complexes were immunolabeled with gold-conjugated anti-RuvC antisera, however, we found that 35% of the complexes in the RuvABC sample became labeled compared with only 2% of those present in the RuvAB sample (data not shown). Because stable RuvBC-junction complexes were not detected by electron microscopy (data not shown), these results indicate that a significant portion of the two-ring complexes represent RuvABC complexes.
Assembly of the RuvABC complex directs the orientation of Holliday junction resolution
The classical view that the orientation of Holliday junction resolution is a consequence of the cleavage of one, or the other, isomeric form (conformer) of the junction is difficult to correlate with data indicating that many Holliday junction resolving proteins unfold junctions Duckett et al. 1995; Pö hler et al. 1996; Lilley 1997, 1998) . We therefore tested an alternative hypothesis-that the asymmetric binding of the resolvase (in this case the RuvABC resolvasome) to the open junction could direct the orientation of resolution. To do this, it was necessary to construct DNA substrates, which would limit the assembly of the RuvABC resolvasome to a single orientation. We therefore prepared two synthetic Holliday junctions (defined as junctions X1 and X2), each with two long (45 bp) and two short (21 bp) arms. The substrates were designed such that the long and the short arms were the opposite in each case (Fig. 3A) . Because hexameric rings of RuvB require 24-27 bp of DNA to allow stable binding (Hiom and West 1995) , X1 permits binding to the opposite pair of arms compared with X2. The RuvABC complex will therefore be positioned in two alternative configurations (see schematic in Fig. 3A ). We reasoned that these alternative configurations might favor resolution in one orientation or the other.
To avoid any sequence or contextual complications, Reactions contained -form DNA (1 nM) and the indicated concentrations of RuvA, RuvB and RuvC; the resultant complexes were spread directly onto carbon grids and analyzed by electron microscopy. Complexes containing one, two, three, or four RuvB rings (as shown in Fig. 1C ) were quantified and expressed as a percentage of the total of protein-junction complexes encountered by random analysis of the grid. , and RuvC (120 nM). Several complexes can be identified here, which include a four-ring complex, a three-ring complex, 2 tworing complexes (arrows), and a doublet comprising two RuvB rings.
the central cores of junctions X1 and X2 were identical ( Fig. 3B) and each of the four strands contained a thymidine residue at which RuvC would be expected to cleave (albeit with a reduced efficiency attributable to the lack of a true consensus sequence). In addition, by incorporating a BseRI restriction site in one of the junction arms ( Fig. 3B) , we confirmed that each preparation of junction contained equal amounts of the two conformers (as described in Murchie et al. 1991 ; data not shown). When X1 was incubated with RuvC alone and the cleavage patterns were analyzed by denaturing PAGE (Fig. 4A, lanes b-e) , we observed that resolution occurred in both orientations (i.e., by cleavage of strands 1/3 and strands 2/4). The efficiency of resolution was low and a twofold preference for cleavage in orientation 2/4 was observed (Table 2A) . The presence of RuvB resulted in a fourfold increase in resolution in strands 2/4, whereas cleavage of strands 1/3 remained unchanged (Fig. 4A , lanes g-j; Table 2A ). As these reactions were carried out in the presence of a nonhydrolyzable ATP analog, ATP␥S, to inhibit branch migration, it appears that this bias in resolution is attributable to the assembly of the RuvB rings on the long arms of the junction. When similar reactions were carried out using RuvA, RuvB, and RuvC, further stimulation of cleavage in strands 2/4 was observed and in this case resolution in the opposite orientation was barely detectable (Fig. 4A, lanes l-o; Table  2A ). Novel cleavage sites were also observed in strands 2 and 4 (Fig. 4A, lanes m, o) and their nature will be discussed later. In summary, using junction X1, the presence of RuvAB resulted in a 16-fold bias in the orientation of Holliday junction resolution by RuvC.
To determine whether the orientation bias was imposed by the positioning of the RuvB rings onto one pair of junction arms, similar experiments were carried out with junction X2 (Fig. 4B) . RuvC was found to cleave X2 in both orientations (Fig. 4B , lanes b-e; Table 2B ) and the presence of RuvB resulted in a fivefold stimulation of resolution in orientation 1/3, but not in orientation 2/4 (Fig. 4B , lanes g-j; Table 2B ). The presence of RuvA exaggerated this effect further and a near total bias for cleavage in orientation 1/3 was observed (Fig. 4B , lanes l-o; Table 2B ). Overall, RuvAB imposed a 50-fold bias in the orientation of resolution compared with RuvC alone. This orientation bias was the opposite of that observed with junction X1.
Previously, it was shown that the pair of arms not bound by RuvB are pumped into the RuvAB complex and out through the RuvB rings (Hiom and West 1995) . The same experimental rationale was used to confirm that the bias in orientation resolution was attributable to the way that the RuvABC resolvasome assembled on the Holliday junction. To do this, the reaction conditions were adjusted to inhibit resolution (by replacing Mg 2+ with Ca
2+
) and the products of branch migration were analyzed. In comparison with defined DNA markers generated by annealing pairs of oligonucleotides, the products of branch migration were found to be representative of those expected from a reaction in which RuvB was targeted exclusively to the long arms of junctions X1 and X2 (Fig. 5) . Taken together, the results presented in Figures 4 and 5 show that the orientation of assembly of the RuvABC resolvasome at the Holliday junction determines the direction of resolution.
Branch migration by RuvAB, RuvBC, and RuvABC complexes
The experiment in Figure 5 also permitted a comparison of the relative branch migration activities of the various Ruv complexes. As observed previously (van Gool et al. 1998) , RuvC enhanced the branch migration activity of RuvB (Fig. 5A , cf. lane b with c, and i with j), presumably by helping to stabilize the interaction of RuvB with the DNA. As expected, however, RuvA protein stimulated RuvB-mediated branch migration more effectively than RuvC ( Fig. 5; lanes d, k) . The branch migration activities Figure 3 . Design of the experimental system. (A) Junctions X1 and X2 are related by an identical core region, but differ in the pair of long arms, as indicated. Because RuvB has a minimal length requirement for DNA binding, it can only bind to the long arms. The experimental rationale was to determine whether the binding of RuvB to these arms would direct the loading of RuvC resolvase, thereby influencing the orientation of Holliday junction resolution (either 2/4 or 1/3). For simplicity, the presence of RuvA is not indicated on this diagram. (B) DNA sequence at the central core of junctions X1 and X2. All strands contain a thymidine residue at crossover point, at which RuvC can cleave at the 3Ј-side (as indicated by arrows). The presence of the BseRI restriction site in strand 1 enabled us to show that both conformers of each junction were present in the various DNA preparations.
van Gool et al.
of RuvABC were comparable with RuvAB under these experimental conditions ( Fig. 5; lanes e, l) . At low RuvB concentrations (<30 nM), we observed that the RuvABC proteins were less effective at branch migration than RuvAB (data not shown). The reason for this difference is unknown, but might involve competition between RuvA and RuvC for RuvB protein.
Holliday junction resolution during RuvABC-mediated branch migration
Recent models for RuvABC action suppose that Holliday junction resolution occurs as the RuvC protein scans DNA sequences during RuvAB-mediated branch migration, within a RuvABC resolvasome complex (Shah et al. 1994; Rafferty et al. 1996; Whitby et al. 1996; Eggleston et al. 1997; van Gool et al. 1998; Zerbib et al. 1998) . Direct evidence for resolution during branch migration, however, is presently lacking.
To determine whether branch migration and resolution are coupled, RuvABC-mediated cleavage reactions were carried out under conditions in which limited branch migration was permitted by inclusion of a mixture of ATP and the slowly-hydrolyzable ATP analog ATP␥S. We observed that RuvAB stimulated junction cleavage by RuvC and that nicks were introduced at the 3Ј-side of the central thymidine and its adjacent nucleotide, and also at a site located six nucleotides away from -j) , or with RuvA, RuvB, and RuvC (lanes l-o) for 30 min at 37°C in cleavage buffer, as described in Materials and Methods. RuvA, RuvB, and RuvC were present at 20 nM, 600 nM, and 10 nM, respectively. The DNA concentration was 1 nM. Cleavage products were analyzed by denaturing PAGE, alongside A + G sequence ladders of strand 1 of each junction (lanes a,f,k) . The schematic diagram indicates the relative levels of resolution in each orientation. The data shown in Fig. 3 , produced by the cleavage of junctions X1 or X2 with RuvC, RuvBC, or RuvABC, was quantified by PhosphorImaging. Resolution in orientations 2/4 or 1/3 is expressed as a percentage of total resolution and relative to cleavage by RuvC alone. . Junctions X1 and X2 (5Ј-32 P-end labeled in strand 1) were incubated with combinations of RuvA, RuvB, and RuvC for 30 min at 37°C, as indicated, in branch migration buffer containing Ca 2+ (to inhibit resolution) and ATP (1 mM). Branch migration products were deproteinized and analyzed by neutral PAGE, alongside branch migration markers generated by annealing X1 strands 1 + 4 (lane f); X1 strands 1 + 2 (lane g); X2 strands 1 + 2 (lane m); or X2 strands 1 + 4 (lane n). The cartoon below indicates those branch migration products formed when the RuvB rings bind to the longer junction arms and promote branch migration to release splayed duplex products.
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from the junction point (Fig. 6, lane d) . The latter site mapped to the 3Ј-side of a TT dinucleotide, consistent with cleavage at a preferred site for RuvC-mediated cleavage (Shah et al. 1994) and was located in the short arms away from the initial position of the crossover. Cleavage at this site was not observed when reactions were carried out in the presence of AMP-PNP which inhibits branch migration (Fig. 6, lane c) . In the absence of a nucleoside triphosphate cofactor, neither branch migration nor resolution were observed (Fig. 6, lane e) , as observed previously (Zerbib et al. 1998) . Similar results were obtained with junction X2 (data not shown).
Because the unique cleavage site was introduced in the short arms, away from the junction point, these results show that cleavage can take place as the DNA is pumped into and through the RuvABC-junction complex. The data are therefore indicative of a coupled branch migration/resolution reaction.
Discussion
Using purified RuvABC proteins and defined Holliday junction DNA substrates, we have shown that: (1) the presence of RuvC affects the assembly of RuvAB-junction complexes, favoring the formation of two-ring complexes that are thought to contain all three proteins assembled as a resolvasome, (2) the presence of RuvAB, presumably within the context of a resolvasome, directs the orientation of RuvC-mediated Holliday junction resolution; and (3) junction resolution by the resolvasome can occur at preferred DNA sequences located away from the initial junction point, most likely by means of a coupled branch migration/resolution reaction. The formation of a resolvasome complex, as indicated by the studies described here, is consistent with previous proposals that efficient Holliday junction resolution occurs as the resolution subunit (RuvC) scans the DNA for preferred sites of cleavage during RuvAB-mediated branch migration (Shah et al. 1994; Whitby et al. 1996; van Gool et al. 1998; Zerbib et al. 1998) .
Recent structural studies have strengthened the argument that RuvAB and RuvABC complexes are both present in the cell (for review, see . Because the ruvA and ruvB genes are part of the E. coli SOS system, the induced synthesis of RuvA and RuvB (but not RuvC) in response to DNA damaging agents (Shurvinton and Lloyd 1982; Shinagawa et al. 1988) will affect the ratio of these two complexes. One consequence of RuvAB induction will be the formation of more branch migration motors that promote the formation of heteroduplex DNA. Because RuvAB can drive branch migration through insertions and deletions that normally block RecA-mediated strand exchange (Morel et al. 1994; Adams and West 1996) , branch migration through these regions could enhance the error-prone survival of the cell. Additionally, elevated levels of RuvA and RuvB may serve to activate the RuvC resolvase by favoring its assembly into RuvABC resolvasomes. The presence of an activated resolvasome would facilitate the completion of damageinduced recombinational repair in times of stress, consistent with the repair-defective phenotype exhibited by ruv mutants (Sharples et al. 1990) .
Models for Holliday junction resolution that assume that patch and splice recombinants arise by cleavage of the two alternative junction conformers have been questioned by structural studies showing that resolvases Duckett et al. 1995; Pö hler et al. 1996; Lilley 1997, 1998; Chan et al. 1998 ; Giraud-Panis and Lilley 1998), and junction-binding proteins in general (Parsons et al. 1995; Rafferty et al. 1996; Hargreaves et al. 1998; Pö hler et al. 1998; Roe et al. 1998) , alter junction structure, usually causing them to adopt an open-square structure (Fig. 1) . In the case of RuvA protein, in particular, the junction within the protein-DNA complex lies in a fourfold symmetric configuration in which the four DNA arms are extended toward the corners of a square (Parsons et al. 1995; Hargreaves et al. 1998; Roe et al. 1998 ). Given such a structure, what factors determine resolution orientation?
In these studies, we have shown that the orientation of loading of the RuvABC complex onto the junction determines the direction of Holliday junction resolution. Using DNA substrates containing two long and two short arms, we found that the presence of RuvA and RuvB resulted in a strong (i.e., up to 50-fold) bias for resolution in one orientation compared with the other. This bias was shown to be attributable to the binding of RuvB to the long arms and the consequential unidirectional binding of the RuvC dimer. It is of interest to note that resolution in one orientation can only occur when the resolvase binds a unique face of the junction, as binding in a similar orientation to the other face would result in cleavage of the other pair of DNA strands. The co-crystal structure of the RuvA-junction complex (Hargreaves et al. 1998) indicates that RuvA binds exclusively to the major groove face of the junction, and it is tempting to suggest that, in the presence of RuvA, RuvC binds to the minor groove of the junction. The notion that RuvA and RuvC bind opposing faces is consistent with previous data on the formation of a RuvAC-Holliday junction complex (Whitby et al. 1996) , and is supported by our finding that RuvA enhances cleavage in one orientation, whereas it inhibits cleavage in the other. Our observation that RuvAB stimulates the activity of RuvC is also consistent with the idea that the resolvasome scans DNA sequences for suitable resolution sites. New cleavage sites located several bases away from the original junction point were observed when limited branch migration was permitted.
Using E. coli proteins, we have shown that assembly of the resolvasome can influence the outcome of a recombination event. Although eukaryotic Holliday junction resolvases have not yet been identified, related activities have been observed during the fractionation of mammalian extracts (Elborough and West 1990; Hyde et al. 1994) , indicating that similar junction-processing events are likely to occur in eukaryotes. Our data indicate that factors that affect the assembly of the resolvase at the site of the junction may affect the outcome of a recombination event. For example, DNA supercoiling, chromatin structure, or the presence of a nearby Holliday junction, could all affect resolvasome assembly and bias resolution in one orientation or the other. Previous in vitro studies with RuvC protein showed that catenated supercoiled figure-eight DNA molecules were resolved more efficiently than relaxed figure-eights and in a different orientation (Zerbib et al. 1997) . Other studies showed that the orientation of Holliday junction resolution by RuvC was affected by the presence of RecA and that this bias was removed by RuvAB (Eggleston et al. 1997) . Presumably, topological constraints imposed on the DNA, either by catenation or by the presence of the RecA filament, are capable of holding the junction in a configuration that favors resolution in one orientation. In E. coli, recombination proteins such as RecF, RecO, RecR, and SSB may influence the resolution reaction (Umezu et al. 1993; Webb et al. 1997) . In eukaryotes, where we are only just beginning to understand the roles that the Rad51, Rad52, Rad54, Rad55, Rad57, and Dmc1 proteins have in recombination (Shinohara and Ogawa 1995; Baumann and West 1998; Kanaar et al. 1998 ), the situation is likely to be more complex because of the presence of chromatin and the interplay between DNA replication and recombination (Sonoda et al. 1998; Holmes and Haber 1999) . To understand these processes in more detail, it will be necessary to identify enzymes involved in the processing of Holliday junction in eukaryotic cells and determine whether they act in a manner analogous to their bacterial counterparts.
Materials and methods
Proteins and DNA
RuvA (Tsaneva et al. 1992a) , RuvB (Tsaneva et al. 1992a) , and RuvC (Dunderdale et al. 1994) were purified as described. Protein concentrations are expressed in moles of protein monomers.
-Form DNA was prepared by restriction digestion of figureeight DNA (McCulloch et al. 1994) with ScaI and StyI, essentially as described (Zerbib et al. 1997) . Concentrations of -form DNA are expressed in moles of junctions.
Synthetic Holliday junctions X1 and X2 were generated by annealing four 66-mer oligonucleotides and purified as described (Parsons and West 1990) . Before annealing, one oligonucleotide was 5Ј-32 P-end labeled using T4 polynucleotide kinase. X1 and X2 contain one pair of long (45 bp) and one pair of short (21 bp) arms. In each, the core sequence (42 bp) is identical. The four oligonucleotides used to prepare junction X1 were: strand 1 (5Ј-GCCGAATTCTACCAGTGAGGATGGACTCCT-CACCTGCAGGTTCACCGTTGTATGCCCACGTTGACC); strand 2 (5Ј-GGTCAACGTGGGCATACAACGGTGAACCT-GCAGGTGAGGAGTCCATGGTCTTCCGTCAAGCTCG-AT); strand 3 (5Ј-ATCGAGCTTGACGGAAGACCATCCCTG-TCTAGAGGATCCGACTATCTTGACTAGACGGATTCGA-TA); and strand 4 (5Ј-TATCGAATCCGTCTAGTCAAGATAG-TCGGATCCTCTAGACAGGGATCCTCACTGGTAGAATT-CGGC). Similarly, junction X2 was made from the following four strands: strand 1 (5Ј-TATCGAATCCGTCTAGTCAACG-CTGCCGAATTCTACCAGTGAGGATGGACTCCTCACCT-GCAGGTT); strand 2 (5Ј-AACCTGCAGGTGAGGAGTCCA-TGGTCTTCCGTCAAGCTCGATGCCGGTTGTATGCCCA-CGTTGACC); strand 3 (5Ј-GGTCAACGTGGGCATACAACC-GGCATCGAGCTTGACGGAAGACCATCCCTGTCTAGA-GGATCCGAC); and strand 4 (5Ј-GTCGGATCCTCTAGACA-GGGATCCTCACTGGTAGAATTCGGCAGCGTTGACTA-GACGGATTCGATA). Concentrations of junction DNA are expressed in moles of junctions. Branch migration markers were prepared by annealing strands 1 + 4 or 1 + 2, of which strand 1 was 5Ј-32 P-end labeled.
Electron microscopy
Binding reactions (20 µl) contained 0.3 nM (50 ng) -form DNA in 40 mM triethanolamine-HCl (pH 7.5), 10 mM Mg(OAc) 2 , 1 mM DTT, 1 mM ATP␥S, 60 nM RuvA, 25-300 nM of RuvB and 0-120 nM RuvC. Reactions were set up at room temperature as follows: DNA + RuvA (3 min), followed by addition of RuvC (3 min), and addition of RuvB (15 min). When RuvC was not added, reactions were supplemented with an equal volume of RuvC storage buffer. Samples were spread using the magnesium acetate droplet technique followed by adsorption onto glow-discharged carbon-coated grids. The specimens were negatively stained with 2% aqueous uranyl acetate (Sogo et al. 1987 ) and analyzed using a Philips CM100 electron microscope.
Resolution assays
5Ј-
32 P-Labeled synthetic Holliday junctions (1 nM) were incubated with RuvC in cleavage buffer (50 mM Tris-acetate, pH 8.0, 15 mM Mg(OAc) 2 , 1 mM DTT, 1 mM ATP␥S and 50 µg/ml BSA; total volume 20 µl) for 30 min at 37°C. RuvC (10 nM final concentration) was added alone or premixed with RuvB (600 nM) or with RuvA (20 nM) and RuvB (600 nM). Labeled DNA products were analyzed by 12% denaturing PAGE after addition of 1 volume of sample buffer (80% formamide, 0.1% bromophenol blue, 0.1% xylene cyanol) and heating at 80°C for 3 min. Sites of cleavage were determined by comparison with sequence ladders produced by chemical cleavage of the appropriate 5Ј-32 P-labeled strand (Maxam and Gilbert 1980) . Because of the chemistry of chemical cleavage, markers ran ∼1 nucleotide faster than fragments of equivalent length produced by enzymatic cleavage. Gels were dried onto paper and exposed to Kodak Biomax films or quantified using a PhosphorImager (Molecular Dynamics).
To study coupled branch migration/resolution, RuvC (10 nM), or a mixture of RuvA (20 nM), RuvB (600 nM) and RuvC (10 nM), was incubated with 5Ј-32 P-labeled junction (1 nM) in cleavage buffer supplemented with 0.25 mM ATP. In control reactions, the 1 mM ATP␥S in the cleavage buffer was either omitted, or was replaced with 1 mM AMP-PNP. DNA products were analyzed by denaturing PAGE as described above.
Branch migration assays
Synthetic junctions (1 nM), 5Ј-32 P-labeled in strand 1, were incubated with combinations of RuvA (20 nM), RuvB (600 nM), and RuvC (10 nM) in 50 mM Tris-acetate at pH 8.0, 15 mM CaCl 2 , 1 mM DTT, 1 mM ATP, and 50 µg/ml BSA for 30 min at 37°C (total volume 20 µl). The DNA products were deproteinized and analyzed by 8% neutral PAGE, as described previously (van Gool et al. 1998 ).
